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an actual dual junction InGaP/GaAs solar cell.
Performance results were compared between the
modeled dual junction cell and the actual experimental
cell to show that Silvaco ATLAS could model a solar cell
accurately to less than 2% Voe and Jse•
Once the dual junction model's accuracy was validated,
the optimization work for the dual junction cell
performance began by first using the design parameters
obtained from previous work using genetic algorithm [3].
Due to time constraints, the genetic algorithm was not
resurrected for this paper. Instead, over 250 individual
simulations were performed manually to fine tune the
initial genetic algorithm solution. Through the
simultaneous process of maximizing top layer InGaP
and bottom layer GaAs thicknesses, simulations
showed increased solar cell power output performance.
This improvement demonstrates the potential that
computer modeling and simulation can be used as an
advanced optimization tool for multi-junction solar cell
design. Further validation requires building and testing
actual cells with these computer generated design
parameters and comparing their actual performance to
their simulated performance.
For a given solar spectrum, a triple junction solar cell
approach attempts to take advantage of the spectral
response of each layer's band gaps as shown in Fig. 1.
ABSTRACT
This paper presents the design parameters for a triple
junction InGaP/GaAs/Ge space solar cell with a simulated
maximum efficiency of 36.28% using Silvaco ATLAS
Virtual Wafer Fabrication tool. Design parameters include
the layer material, doping concentration, and thicknesses.
An initial dual junction InGaP/GaAs model of a known
Japanese solar cell was constructed in Silvaco ATLAS to
an accuracy of less than 2% with known experimental Voe
and Jse performance results, validating the use of
computer modeling to accurately predict solar cell
performance. Once confidence of the model's meshing,
material property statements, model statements, light file,
and numerical methods were established, only the layer
doping concentration levels and thicknesses were
modified in order to improve the cell's power out efficiency.
Simulations of the dual junction cell began by first
changing only the doping concentrations and thicknesses
to the values obtained from previous work using a genetic
algorithm which showed a 0.6% increase in efficiency.
Further improvements to the genetic algorithm design
parameters showed an overall increase of 0.83%
efficiency. Next, a triple junction InGaP/GaAs/Ge cell was
modeled by adding a Ge layer to the validated dual
junction InGaP/GaAs model. (The triple junction model
could not be validated due to lack of published
experimental data.) Applying the same process showed
increased power output for the triple junction cell. The
additional improvement to the genetic algorithm design
parameters was principally based on the knowledge that
the top InGaP layer is the current limiting layer. Hence,
the top layer thickness was maximized until middle and
bottom layer shadowing effects began to decrease power
output. Over 250 simulations were performed and
recorded. Maximum concentrations used real
world limitations of 5e19 ern' for InGaP and GaAs and
3e18 em? for Ge for all simulations. This process
produced the design parameters for a 36.28% efficient
triple junction solar cell. A provisional patent has been















Two questions arise concerning solar cell modeling and
simulation: 1. Can computer modeling and simulation
accurately predict solar cell performance? 2. If so, how
can solar cell design then be optimized using modeling
and simulation? Silvaco ATLAS was used to first model
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Fig.1. Spectral Response of a Simulated Triple Junction
InGaP/GaAs/Ge Solar Cell
Construction of the triple junction cell is a stacked
configuration in which the layer that produces the least
current is placed on top. Shadowing effects of the upper
layer affects performance of the layers below.
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Optimization requires that each layer be designed so that
the overall cell produces the maximum power output by
varying doping concentrations and thicknesses.
The next step was to model a triple junction
InGaP/GaAs/Ge solar cell by simply adding a bottom Ge
layer to the validated dual junction Silvaco model. The
triple junct ion model could not be validated with actual
triple junction solar cell performance due to the proprietary
nature and lack of public experimental data. From this
point, this paper assumes an accurate triple junction solar
cell model.
Due to its high current density, the additional Ge layer was
expected not to be current limited by the InGaP/GaAs
layers above it. However, simulations showed that once
an increased specific thickness of the InGaP/GaAs layers
was reached, eventual current choking of the Ge layer
occurred due to the shadowing effects of the upper layers.
The occurrence of current choking indicated the optimal
performance point for the triple junction cell had been
achieved with an overall triple junction cell efficiency of
36.28%.
This remarkable result was realized by the initial use of a
genetic algorithm and manual improvements to the design
parameters. Further improvements are optimistically
anticipated once a dedicated use of the genetic algorithm
is used to find "the fittest" design parameters for a
validated InGaP/GaAs/Ge triple junction cell model.
MODEL VALIDATION OF DUAL JUNCTION CELL
Detailed papers introducing Silvaco ATLAS in solar cell
modeling have been previously presented. [2, 3 & 4).
Validation of the Silvaco ATLAS solar cell model can only
be done by comparison of the model to real experimental
results. Model verification requires obtaining both the
detailed design parameters of dopings and thicknesses
along with the performance results. A paper (1) was found
with these requirements and is the basis for this work.
Figure 2 shows the cell parameters that were modeled.
W indow n+ AllnP O.03 IJm 2e 1Bc m-3
Emitter n+ InGaP O.05IJm ze tacrr-
Top InGaP Layer Base p+ InGaP O.551J m 1.5e17cm-3
BSF p+ InGaP O.03IJm 2e 18cm-3
Buffer p+ AllnP O.0 3IJm 1e1Bcm -3
Tunne l Emitt er p+ InGaP O.0151Jm Be18cm -3
Tunnel Junction
Tunn el Base n+ InGaP O.0151Jm 1e19cm-3
W indow n+ AllnP O,05IJ m 1e19cm-3
was utilized that allowed current to flow from one cell
layer to the next. Therefore, the doping concentrations
and thicknesses depicted in Figure 2 are those found in
the actual Japanese dual junction solar cell are not to be
confused with the model's actual use of these
parameters.
Table 1, Figure 3, and 4 show the comparison of the I-V
curves of the model and the Japanese cell at AM1.5
illumination, 25.3 deg. C and 2% grid shadowing.
2J Cell Actual Silvaco Error
AM1.5 2J Cell Model
Voc (V) 2.49 2.49 0.15%
Jsc (rna/ern') 14.22 13.95 1.91%
Vmax (V) N/A 2.30 N/A
Jmax (rna/ern') N/A 13.68 N/A
Pmax(mW/cm2) N/A 31.54 N/A
Fill Factor 85.60% 90.70% 5.96%
Efficiency 30.28% 31.54% 4.16%
Table 1. 2J Solar Cell Performance, AM1.5G
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Fig. 3. I-V Curve of Japanese InGaP/GaAs solar cell
measured at Japan Quality Assurance Organization (1)
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Fig. 2. Cell Parameters used to Validate Silvaco ATLAS
Model
Tunnel junctions in this research paper were not modeled
due to complications in the software models. Consultation
with Silvaco revealed that tunnel junction models were still
in development and problematic. Instead, a workaround
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Fig. 4. I-V Curve of 31.5% InGaP/GaAs Cell Model
2J CELL SIMULATION AT AMO
The dual junction model's light source file was then
modified for AMO light with all other parameters
untouched and the Silvaco ATLAS simulation re-run.
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Table 2 shows the extrapolated performance results for
AMO illumination that the Japanese cell would have shown
if illuminated under AMO light. No comparison with the
actual experimental cell is shown since the real world










Table 2. Dual Junction Cell Performance, AMO
2J CELL USING GENETIC ALGORITHM DESIGN
PARAMETERS AT AMO
After validating the dual junction solar cell model,
computer simulation was used to find optimal solar cell
design parameters through a process of varying doping
concentration levels and layer thicknesses. Systematic
combinations of all solution space possibilities of doping
concentration and thicknesses would be impractical due to
the sheer number of permutations. Previous work [3]
using a genetic algorithm to find the "fittest" design
parameters identified this colossal undertaking, thereby
justifying the use of a genetic algorithm. Results from
previous work on genetic algorithm were used as the
starting point to optimize the validated dual junction solar
cell model. Table 3 and Figure 5 show the improved
performance results and I-V curve using the doping
concentrations and thicknesses obtained from the genetic




















Fig. 5. I-V Curve of 32.4% 2J Cell Silvaco Model using
Genetic Algorithm Design Parameters, AMO
2J CELL USING AN IMPROVEMENT OF GENETIC
ALGORITHM DESIGN PARAMETERS AT AMO
Improvements to the genetic algorithm design
parameters were realized when Bates' work [3] was
examined. Bates stopped his genetic optimization work
for the top InGaP layer at an overall thickness of 0.75
urn. Knowing that the top InGaP layer was the current
limiter of the cell, increases in the InGaP current density
would result in an increase in power out performance.
This current density increase could be realized by
thickening the top InGaP layer. The GaAs layer could
also be simultaneously thickened to match the current
density with the InGaP layer for more power out.
Eventually, the top InGaP layer thickness would become
too thick for the light to penetrate completely through the
GaAs layer, essentially choking the GaAs layer below it.
Over 250 individual simulations were performed
manually to fine tune the initial genetic algorithm
solution. The simulations did indeed show an increase
in cell power output through this process of increasing
the overall top layer InGaP thickness and GaAs
thickness for current matching. Table 4 illustrates that
for an overall InGaP thickness of 0.82 urn would require
an overall GaAs layer thickness of 2.7 urn in order to
current match with the top InGaP layer of 19.85 rna/em".
2J CELL - Top O.82um InGaP Laver
GaAs Thickness 2.7um 3.9um 4um
Voc (V) 2.49 2.483 2.482
Jsc (ma/cm2) 19.85 19.853 19.853
P(mW/cm2) 49.47 49.286 49.273
Vmax (V) 2.28 2.275 2.270
Jmax (rna/crrr') 19.29 19.384 19.426
Pmax(mW/cm2) 43.97 44.098 44.097
Fill Factor 88.90% 89.473% 89.495%
Efficiency 32.50% 32.593% 32.592%
Table 4. Performance of 2J Cell usmq Improved
Genetic Algorithm Design Parameters at AMO
001956
ca thode currentvsanode bias











Fig. 6. I-V Curve of Improved 32.6% 2J Cell Silvaco
Model 0.82 IJm InGaP/3.9 IJm GaAs thickness, AMO
TRIPLE JUNCTION CELL MODELING
Triple junction InGaP/GaAs/Ge cell modeling requires the
same process used in the modeling and simulation of the
dual junction solar cell. However, validation of a triple
junction model was not possible due to unobtainable
design and performance data for current triple junction
solar cells. Instead, a simple Ge layer was added to the
bottom of the validated and improved dual junction model
to create a triple junction InGaP/GaAs/Ge cell Silvaco
ATLAS model. Realistic doping levels were used. InGaP
and GaAs doping concentrations never exceeded 5e19
ern". Ge doping concentrations used 3e18 em". Applying
the same process used in the improvement of the dual
junction model, simulations were performed to evaluate
cell power output performance with this additional Ge
layer. Table 5 shows the performance results. Figure 7
shows the I-V curve for the 36.28% triple junction solar cell
Silvaco model.
3J CELL - Top O.B2um InGaP Layer
GaAs Thickness 2.7um 3.9um 4um
Voc (V) 2.7736 2.76425 2.76359
Jsc (rna/ern') 19.8531 19.8531 19.8531
PCmW/cm2) 55.0646 54.8789 54.8658
Vmax (V) 2.52998 2.525 2.525
Jmax (rna/em') 19.3521 19.4419 19.4416
Pmax(mW/cm2 ) 48.9605 49.0907 49.0901
Fill Factor 88.915% 89.453% 89.473%
Efficiency 36.187% 36.283% 36.282%
Table 5. Performance of 3J (0.82 IJm InGaP) Cell using
Improved Genetic Algorithm Design Parameters, AMO
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Fig. 7. I-V Curve of 36.28% 3J (0.82 IJm InGaP/ 3.9 IJm
GaAs/ Ge) Cell Model using Improved Genetic
Algorithm Design Parameters, AMO
CONCLUSION
Computer simulation and modeling of solar cell design
appears to be a feasible way to improve the speed and
effectiveness of multi-junction solar cell design. The
use of genetic algorithm to find "the fittest" solution for
doping concentrations and layer thicknesses will aid in
searching the vast solution space for the optimal design
parameters for high-efficiency solar cells. However,
without the actual fabrication and testing of these new
cell designs, validation of these computer models and
simulations cannot be achieved nor trusted.
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